Lipid classes and fatty acid composition of three commercially important freshwater fish species Oreochromis mossambicus (Mozambique tilapia), Clarias gariepinus (African catfish) and Cyprinus carpio (carp) obtained from an aquaculture, different river systems and fish markets from different provinces in South Africa were investigated. Fatty acids were extracted from the fish fillets through the Folch extraction method (using chloroform: methanol at the ratio of 2:1). Generally, tilapia fish species was found to be the richest in fatty acid composition. In all fish species analysed, palmitic acid (16:0) was found to be the most abundant fatty acid ranging from 18.24 to 21.84%. Appreciable quantities of essential polyunsaturated fatty acid such as docosahexaenoic (DHA) (22:6 n-3, 3.92 to 6.16%), eicosapentaenoic acid (EPA) (20:5 n-3, 1.91 to 2.92%) and arachidonic acid (20:4 n-6, 7.19 to 8.50%) were also found. Observations show that fish species obtained from Gauteng Province are richer in fatty acids compared to those in Limpopo Province. The study points out that all fish species investigated contain appreciable levels of Omega-3 (n-3) polyunsaturated fatty acids (PUFA) and are therefore suitable for an unsaturated low-fat diet. This is important especially for poor communities who cannot afford to get a balanced diet, rich in some essential fatty acids.Therefore, it is important to determine the nutritional value of local fish, since it significantly contribute to a healthy diet in rural communities.
Introduction
Developments in chromatographic separation have led to a better understanding of the complexity of lipids from various origins (Brondz et al., 1983) . Many studies have been dedicated to the effects of dietary fatty acid composition of fish lipids in connection with the essential fatty acids especially Omega-3 polyunsaturated fatty acids such as docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA) (Steffens, 1997) . Both EPA and DHA cannot be synthesised in the human body and thus need to be supplemented through dietary intake (Gunstone, 1996) . Several literature reports show that fish oil contains relatively high levels of polyunsaturated fatty acids (PUFA) in nature, with freshwater fish containing elevated levels of Omega-6, while marine fish arecharacterised by high concentration of Omega-3 (Gunstone, 1996; Steffens, 1997) . These differences are linked to the lipid composition of the planktons they feed on (Gunstone, 1996; Gutierrez and Da Silva, 1993) . There are a number of experiments demonstrating the effects of other factors such as environmental temperature, seasonal variations, age and species type on the fatty acid composition of aquatic animals especially fish (Rasoarahona et al., 2005) . The general trend showing higher content of long chained PUFA at lower temperatures is quite clear, with the Omega-6/Omega-3 ratio decreasing with a decrease in temperature (Meed and Kayama, 1967; Rasoarahona et al., 2005; Schwalme et al., 1993) .
Scientific studies have proven that consumption of fish containing elevated levels of Omega-3 PUFA especially DHA and EPA has positive effects on human health particularly in reducing the risk of attack by cardiovascular diseases and other related diseases such as atherosclerosis, thrombogenesis, high blood pressure, cancer, skin disease, etc. (Serhan et al., 2004; Connor, 2000; and Tapiero et al., 2002) . These diseases and other related health problems are linked to an overproduction of eicosanoids and docosanoids which tend to affect the fluidity, flexibility and permeability of the cell membranes thus resulting in blood clotting in the nerves (British Nutrition Foundation, 1992; Connor, 2000; Kantogiannea et al., 2000) . These findings have created a new market for fish oil as a food and dietary supplement to reduce the risk of attack by various diseases (Ackman, 1989) .
Information on fatty acid composition of various freshwater and marine fish species originating from countries such as Hungary, the United States, Canada and Japan is available in the literature (Ackman, 1989) while little is available on the quality of South African fish in terms of their fatty acid composition.
This paper discusses the fatty acid composition of three commercially important freshwater fish species found in South Africa. The study aims to compare the levels of fatty acid composition in fish species from different freshwater ecosystems in South Africa. Fish quality in those ecosystems is important for rural communities since it contributes to a healthy diet.
Materials and methods

Sample collection
Different methods were used to collect fish samples for analysis. Some fish samples were randomly collected (purchased) from 
Extraction of lipids
From the whole fillet, tri-acylglycerols were extracted from 5 to 6 g of fish fillet through the use of the Folch extraction technique. This method involves mechanical homogenisation of the fatty tissue with 2:1 chloroform: methanol mixture to a final volume 20 times the volume of the tissue. To prevent autoxidation, 10 mg/ℓ of butylated hydroxytoluene was added to all samples. For complete recovery of fatty acids and isolation of non-fatty acids compounds, the extracts were repeatedly washed three times with 4 mℓ of 20 mg/ℓ sodium sulphate salt solution for each 20 mℓ of chloroform: methanol. The extracts were allowed to separate into layers, and the lower chloroform phase containing lipids was collected and evaporated under a nitrogen stream to preconcentrate the extracts before derivatisation.
Preparation of methyl esters
Before any gas chromatographic analysis, tri-acylglycerols (fatty acids) were converted into low-molecular weight non-polar derivatives by modifying their functional groups. This was done to improve volatility of the fatty acid compounds. Derivatisation was done according to the method explained by Christie (1993) acid-catalysed methanolysis, which involves hydrolysis of the lipid extract in 5 mℓ of 36% HCl in 100 mℓ of methanol, sealed in test tubes and derivatised at 80°C for 5 to 6 h. After cooling of the mixture, obtained fatty acid methyl esters (FAMEs) were finally extracted with 4 mℓ of petroleum ether and washed with 10 mℓ of de-ionised water.
Gas-liquid chromatography
Analysis of fatty acid methyl esters was performed on a HewlettPackard 5890A gas chromatographic technique equipped with a flame ionisation detector. A non-polar fused silica capillary column Omegawax-250 TM (30 m x 0.25 mm x 0.25 µm film thickness) was used. For analysis, the operating conditions of the gas chromatographic technique were as follows: the column temperature was initially set at 80°C for 5 min and then increased to 150°C at the rate of 10°C·min −1 where it was held constant for 30 min; the temperature was further increased to 220°C at 5°C·min −1 and finally held constant for another 30 min. This was found to be the optimum temperature programming for the best separation and run time. Helium was used as a carrier gas, at a constant flow rate of 1mℓ·min -1 . The inlet (or injection port) and detector temperatures were kept at 250°C. For analysis, the sample injection aliquot was 1 µℓ. Other than carrier gas hydrogen and air were used as supportive gases.
Qualitative determination
Individual fatty acids were identified and quantified by comparison with retention times and peak areas of fatty acid methyl ester standards prepared and run under similar conditions as those of the real samples. Reagents used were of analytical grade (AR). All solvents were used without further purification. The area percentage and weight (mg·g -1 ) in oil) of each of the fatty acid methyl esters were computed according to the AOAC official method 963.22 (AOAC, 1984) .
Results and discussion
Optimisation of the separation method
The initial step of the study was optimisation of the analytical method to improve separation and detection of fatty acid analytes. The extraction and derivatisation times were held constant, while the temperature programme, run time and column choice which would provide the best separation were investigated. Best separations (shown in Fig. 1 ) were obtained on a fused silica capillary column Omegawax-250 TM (Supelco, 30 m x 0.25 mm x 0.25 µm film thickness). Under optimised conditions, lower detection limits were attained with good separation of FAME peaks. All peaks obtained were identified by analysis of individual FAME standards (see Figs. 1 and 2) . TM is a special purpose column specifically designed for use in the separation of fatty acid methyl esters. This column is coated with a less polar stationary phase (polyglycol-based on carbowax) when compared to the other column used (Nukol), which is a general purpose column. These chromatographic traces lend support to Christie's view that TM is the best special purpose column, and has been recommended for use by Christie (1989) . Other than the capillary column, Gutierrez and Da Silva (1993) used a stainless steel column, 2 m x 5 mm, packed with Chromosorb W coated with 18% (by wt) of diethylene glycol succinate to obtain good separation of fatty acids in 7 Brazilian fish species.
Quality assurance
Reproducibility of the instrument and the analytical method
To determine the repeatability of the instrument, three replicate injections of the same 50 mg·ℓ -1 standard mixture of fatty acid methyl esters were conducted. This was done to find out 
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whether there would be any serious deviation or variations in retention times and peak areas of different compounds. The% RSD ranged between 3 to 14% proving good reproducibility of the gas chromatographic procedure. The precision of the method was determined by conducting three replicate injections of three samples taken from the same portion of the same fish, extracted, derivatised and analysed under similar conditions. The mean peak area and percentage relative standard deviations (% RSDs) were determined for each analyte. From the results shown in Table 1 , it is evident that the method has good repeatability. There is a relatively low variation in the peak area with low relative standard deviations except for linolenic acid (18:3 n-3). The reproducibility of the retention times and area of the peaks made good identification of the fatty acids of interest; this was further compared with available literature data on the same fatty acids compounds. The results show that extraction, derivatisation and analysis methods used are precise and reproducible. The % RSD ranged from 4 to 15% except for linoleic acid (18:3 n-3) where an RSD value of 29% was obtained.
Identification of fatty acids
External calibration
Fatty acid methyl esters found in the fish were identified by comparing their retention times with those of commercially available individual purified standards. Both standards and the real fish lipids extracts were analysed under the same operating conditions. Figure 2 shows different FAMEs separated and identified from the fish sample. All fatty acids of interest were found to be present in all three South African fish species under study. From Fig. 2 , stearic acid (18:0) was found to co-elute with oleic acid (18:1 n-9) and this may have caused quantification of these two fatty acids to be rather inaccurate. Pharmaceutically important fatty acids such as docosahexaenoic, ecosapentaenoic and arachidonic acid were also identified. From the sample matrix, other additional unknown peaks were obtained, which could be fatty acids too. However, further studies would be required to ascertain this, for instance using GC-MS or LC-MS/MS based techniques. This method has also been used by other researchers for identification of fatty acids from both freshwater and marine fish species (Gutierrez and da Silva, 1993; Erfanullah, 1998) .
Spiking
Although all fatty acids of interest were identified through external calibration, identification was further confirmed by spiking fatty acid methyl esters (FAMEs) prepared from the fish extracts with 25 mg·ℓ -1 of commercially available pure fatty acid standards. Table 2 shows the area percentage of different FAMEs before and after 25 mg·ℓ -1 fatty acid standard mixture was spiked. The results have shown an increase in area percentage of fatty acids of interest, while the area percentage of non-spiked compounds remained constant (data not shown). This therefore confirms availability of fatty acids identified through external calibration and retention times. Spiking of fatty acids is critical for identification of fatty acids since some non-fatty acid contaminants can behave like FAMEs. For identification, this method has reportedly been used especially for low concentrations of minor fatty acids and confusing unknown peaks. For identification of conjugated linoleic and linolenic acids as components of freshwater fish lipids, Medez et al. (1996) and Manning et al. (2006) used spiking of minor fatty acids for identification from other unknown sample peaks. 
Figure 2 An overlay of FAME standards and fish sample chromatograms indicating identified fatty acids from the lipid matrix (NI = not identified)
. Key: 1= 14:0, 2 = 16:0, [3] [4] [5] [6] [7] 4 = NI, 5 = NI, 6 = 18:0, [7] [8] [9] 10 = 20:4, 12 = NI, 13 = NI, The results obtained show that the sensitivity of the instrument was good. The lowest detection limit was about 2.5 mg·ℓ
for oleic acid and 20 mg·ℓ -1 for docosahexaenoic acid which is an essential fatty acid. The average detection limit was 9.7 mg·ℓ -1 . These detection limits were low enough for fatty acids of interest in all fish samples to be determined. for Clarias gariepinus (catfish). Of all fatty acid groups, palmitic acid (16:0) was found to be the most dominant. Availability of high levels of palmitic acid supports the results obtained and published in many studies conducted on freshwater fish (Gutierrez and Da Silva, 1993; Christie, 1993; Rasoarahona et al., 2005) . Higher levels of palmitic acid have been described as a characteristic of freshwater fish (Ackman, 1980) . Important long-chain fatty acids such as docosahexaenoic (22:6), eicosapentaenoic (22:5) and arachidonic acid (22:4) were found in significant levels. Linoleic acid (18:2) was the most dominant polyunsaturated fatty acid, while linolenic acid (18:3) found to be the most abundant Omega-3 fatty acid. From a nutritional point of view, tilapia fish species are of better quality compared to the others since they are characterised by the highest level of important Omega-3 fatty acids such as eicosapentaenoic (EPA) and docosahexaenoic acid (DHA).
Comparison by province of fatty acid composition in South African freshwater fish
The saturated fatty acid percentages of the lipid extracted from the three fish species obtained from Gauteng ranged from 2.92 to 24.07%. Polyunsaturated fatty acids ranged from 2.13 to 15.25%. Of the saturated fatty acids, palmitic acid (16:0) has the greatest proportion than in any other fish analysed from other provinces. These results (high proportion of palmitic acid) are in agreement with the fatty acid composition of both tilapia and carp fish fillet reported by Csengeri and Farkas (1993) . Oleic acid (18:1) is the main mono-unsaturated fatty acid in all the species analysed. Carp fish showed the lowest proportion of oleic acid (14.45%) while tilapia had a higher proportion (21.98%). This fatty acid has exogenous origin and usually reflects the type of diet of the fish (Ackman et al., 1980; Ackman, 1989) .
Comparing Oreochromis mossambicus (tilapia) and Clarias gariepinus (catfish) which were both collected from an aquaculture system, tilapia fish species were found to have a higher content of TAGs than the catfish. Tilapia was found to consist of more docosahexaenoic acid which is the main essential fatty acid in lipid nutrition.
For Mpumalanga Province, the findings indicate that palmitic acid (16:0) is the most abundant fatty acid of all fatty acids obtained from the analysis. This is the case for the results obtained for other fish species from other provinces. Docosahexaenoic acid (22:6) was found to be more comparable in levels to the eicosapentaenoic acid (20:5). Due to high levels of long chain polyunsaturated fatty acids such as DHA and EPA, this type of fish can be used as nutritional supplement especially as a source of Omega-3 fatty acids.
Comparing fish from all provinces, the results in Table 3 show that fish species from the Gauteng Province (more specifically cultured) are characterised by high concentrations of TAGs. This could be attributed to the fish diet since these were cultured fish and were under a special diet. Gauteng's Oreochromis mossambicus species was found to have higher amounts of long-chain polyunsaturated fatty acids docosahexaenoic (2.63%), eicosapentaenoic (1.48%) compared to the same species from Limpopo Province.
From all fish species analysed, cultured fish have been shown to be of the best quality in terms of their fatty acid composition compared to other fish species obtained from the natural river systems. Although they have low levels of fatty acid composition compared to the ones from Gauteng, the results show that fish species from Mpumalanga and Limpopo Provinces still possess significant amounts of essential fatty acids which can be used as a diet supplement. Table 4 provides data on fatty acid weight percentage composition of lipids of Clarias gariepinus (catfish), Cyprinus carpio (carp) and Oreochromis mossambicus (Mozambique tilapia). The fat content is influenced by species, geographical regions, age and diet (Piggott and Tucker, 1990) . Of all fatty acids, palmitic (18.24 to 21.84%) was found to be the most dominant of all fatty acid groups from all fish species under study, as has been pointed out by Gopakumar and Nair (1972) for Indian freshwater fish. All three fish species contained arachidonic acid (20:4), , 1988) . Therefore, fish have been suggested as a key component for a healthy diet in humans (Leaf and Webber, 1988) . Significant levels of EPA and DHA in fish species analysed indicate that this can be used to supplement essential fatty acids in the human diet. Comparing the three fish species, it can be seen that tilapia fish is the richest and has the highest composition of docosahexaenoic acid (22:6). In all fish analysed, this fatty acid was found in higher levels than eicosapentaenoic acid. These data confirmed earlier observations of Katikou et al. (2001) and Gunstone et al. (1978) .
Fatty acid composition (saturation levels) in South African freshwater fish
Further analysis of the fatty acids was conducted. From this the quality of fatty acids in terms of their saturation was determined and computed. Figure 3 shows the total fatty acid composition of South African fish in terms of their level of saturation. Among unsaturated fatty acids, polyunsaturated fatty acids were found to be the most abundant. These data confirmed earlier observations of Ackman (1967); Dayhuff and Wells (2005); and Aras et al. (2003) . In terms of the PUFAs, the study revealed that Cyprinus carpio is the richest of all fish containing about 35.79%. The second highest was found to be in Oreochromis mossambicus with about 35.18% and 31.58% for Clarias gariepinus. High levels of PUFA compositions in South African fish are a clear indication that they are of good quality and can be used as nutritional supplement for human consumption. When compared to mono-unsaturated fatty acids, saturated fatty acids were found to be higher with tilapia having higher concentrations than other fish species.
Omega-3 and Omega-6 fatty acids composition
The results shown in Table 5 indicate that all fish species analysed are characterised by high levels of Omega-6 fatty acids. These results agree with those obtained in other studies conducted on freshwater fish species. Other studies show that freshwater fish are mainly characterised by elevated levels of Omega-6 polyunsaturated fatty acids especially linoleic (18:2) and arachidonic (22:4) acid (Ackman, 1967; Cowey and Sargent, 1972; Aras, 2003) , as well as substantial concentrations of eicosapentaenoic and docosahexaenoic acid. From the fish studied, Omega-6 (n-6) fatty acids ranged from 23.19% for carp, 20.24% for catfish and 21.3% for tilapia fish 
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Figure 3 Fatty acid compositions on South African fish in terms
of their level of saturation species. These results show no greater difference in the level of Omega-6 polyunsaturated fatty acids characterising such South African freshwater fish species. The Omega-3/Omega-6 ratio has been suggested to be a useful indicator for comparing the relative nutritional value of fish oils. It was suggested that the ratio of 1:1-1:5 would constitute a healthy human diet (Osman et al., 2001) . When compared to Omega-6 fatty acids, all fish species analysed were found to be characterised by low levels of Omega-3 fatty acids. Because of the low content of Omega-3 fatty acids in freshwater fish, the ratio of total Omega-3 (n-3) to Omega-6 (n-6) fatty acids (essential fatty acid ratio) is much lower. All three fish species had the Omega-3/Omega-6 ratio within the recommended ratio as suggested by Osman et al. (2001) . Based on this, previous studies indicate that this is an opposite case for marine fish species which are mainly composed of Omega-3 and low levels of Omega-6 fatty acids (Steffens, 1997) . Catfish was found to be composed of the lowest amount of n-3 fatty acids compared to carp and tilapia fish species. Tilapia fish was found to be the richest in n-3 fatty acids. Although they are highly characterised by n-6 fatty acids, this fish species can also serve as a valuable source of essential n-3 fatty acids especially EPA and DHA.
Comparison of fatty acid composition in South
African fish with those from other countries South African freshwater fish have shown higher concentrations of saturated, mono-unsaturated and polyunsaturated fatty acids. This suggests that they are of good quality. To support this, they are characterised by high levels of polyunsaturated fatty acids. Their high proportions of essential n-3 fatty acids such as EPA and DHA acid makes them to be a better source of essential fatty acids which are of greater pharmaceutical (or medicinal) importance since they are linked to reduced risk of cancer (Brondz, 2002; Steffens, 1997) .
Other studies on similar fish species were conducted in other countries. Observations have shown that all similar species analysed are of higher quality (Table 5 ). These fish species were found to be characterised by high levels of essential fatty acids such as DHA and EPA. The high levels of palmitic and oleic acid in two South African freshwater fish species have been found to be comparable with those for the Hungarian carp and Madagascan tilapia (freshwater fish) by Csengeri and Farkas (1993) . Higher proportions of palmitic fatty acids in both South African fish and fish from other countries are an indication of their source of origin which is a characteristic for freshwater fish (Gutierrez and Da Silva, 1993; Rasoarahona et al., 2005) .
Of all saturated fatty acids, palmitic fatty acid was found to be the highest. There is a minimal difference between Mozambican tilapia and Madagascan tilapia in terms of their palmitic fatty acid composition, with the former containing 1.94 wt % higher than the latter. Hungarian carp was found to contain 7.35 wt % higher than the South African carp. In all fish species, oleic acid was found to be the most abundant mono-unsaturated fatty acid with South African fish containing levels higher than fish from other countries. The fatty acid profile of the analysed fish species generally fits into the typical pattern for freshwater fish where palmitic and oleic fatty acids are usually the major constituents.
Arachidonic acid (20:6 n-6) was found in significant amounts in all species analysed. This is also the case in findings obtained in other studies on similar fish species from other geographical locations (Osman et al., 2001) . Hungarian carp was found to be the richest fish in terms of the level of arachidonic concentration (8.6%), while Tilapia rendalli consisted of the lowest level (5.19). Long-chained Omega-6 polyunsaturated fatty acids such as EPA and DHA were discovered in all fish. These types of fatty acids are used as indicators of fish quality (Osman et al., 2001) . When compared to fish species from other countries, South African fish were found to contain low levels of essential fatty acids, especially DHA (22:5 n-3) and EPA (20:5 n-3). Hungarian carp have been shown to be the richest fish in terms of the level of eicosapentaenoic fatty acid composition; other findings show that it consists of 8.8 wt % with 5.88 wt % higher than that of the South African carp (2.92%). The EPA levels obtained from the lipids of the Mozambican tilapia agree with the findings for the Madagascan tilapia, Tilapia rendalli.
The results obtained showed a considerable amount of polyunsaturated fatty acids in freshwater lipid fractions. Although not typical, the results obtained in the study are in agreement with many other published results on fatty acid contents in different fish species originating from different locations in the world (Csengeri and Farkas, 1993; Varljen et al., 2003) . Generally, the fatty acid composition of the Mozambican tilapia, Tilapia rendalli, the South African carp and Hungarian carp show similar patterns, although Hungarian carp showed a significant fatty acid composition containing more polyunsaturated fatty acids. When compared to findings on studies conducted in some other countries (Hungarian carp and Madagascan tilapia), South African fish were found to be consisting of high total tri-acylglycerol levels, with Mozambique tilapia consisting of 89.99%, followed by carp fish with 83.3% and catfish with 76.96%. South African carp consisted of 6.8% higher than Hungarian carp fish (76.5%), while Mozambique tilapia consisted of 16.53% higher than the Madagascan Tilapia rendali (73.43%).
Conclusion
The fish oil isolated from three different fish species provided interesting data regarding the fatty acid composition of the total lipid classes. In all fish species analysed, different fatty acid groups (saturated, monounsaturated and polyunsaturated) were identified. Palmitic fatty acid was found to be the most abundant fatty acid with the highest concentration levels in all fish species. This is a common characteristic for freshwater fish. Essential fatty acids (medicinally important) such as eicosapen- 
Fish species
Omega-3 Omega-6 125 taenoic (EPA) and docosahexaenoic (DHA) were identified and were found to be at higher/significant concentrations. Although there is a small variation, when compared to other species, tilapia was found to be the richest fish with higher concentrations of many essential fatty acids especially those which are essential for human nutrition. From the data obtained, higher proportions of Omega-6 PUFA were observed. Although they are mainly characterised by Omega-6 fatty acids, these fish species can also serve as a valuable source of essential Omega-3 fatty acids especially docosahexaenoic and eicosapentaenoic acids. The distribution of fatty acids composition was found to be in accordance with observations in similar fish species from Hungary and Madagascar. In summary, all freshwater fish analysed are good sources of essential polyunsaturated fatty acids. Because of this, they can be used as an important source of essential polyunsaturated fatty acid (Omega-3).
